One third of all proteins was predicted to be localized in or associated with the cytoplasmic 132 membrane. The gene product of mutant Lpc2235 (D3) is potentially localized in the bacterial outer 133 membrane. The remaining proteins were either predicted to be cytoplasmic or their subcellular 134 localization could not be assigned. Remarkably, the vast majority of affected genes are present 135 exclusively in L. pneumophila strains, but not in environmental or relatively apathogenic isolates such 136 as LLAP10, L. hackeliae or L. micdadei. This finding was confirmed using the nucleotide BLAST 137 function which is integrated into the Legionella Genome browser (LGB). An additional analysis of 138 gene products by the virulence prediction tool VirulentPred (Garg and Gupta, 2008) showed that most 139 affected genes are potential virulence factors (Table 2) . 140 141
Plaque formation and intracellular replication of selected mutants 142
The D. discoideum plaque assay reveals whether or not the respective L. pneumophila mutant displays 143 virulence either by evading amoeboid killing or actively killing the host cell. Bacterial predation by D. Tiaden et al., 2013) . Based on this scoring system, we divided the mini-148
Tn10 mutants into four groups (see Table 2 and Material and Methods). Three mutants, Lpc0114 149 (B23), Lpc1579 (E8) and Lpc2666 (D1), were phenotypically similar to the dotA-negative mutant and 150 produced amoebal plaques on more than 50 % of the bacterial lawn, 15 mutants produced amoebal 151 plaques on 25-50 % of the bacterial lawn, nine mutants exhibited a low effect (10-25 %) and 23 152 mutants had no effect in the plaque assay. 153
To also analyze the mini-Tn10 transposon mutants for their ability to survive and replicate 154 intracellularly within host cells, we performed infection assays of D. discoideum and U937 155 macrophage-like cells. The replication of the L. pneumophila Corby wild-type strain in D. discoideum 156 typically results in a 1000-fold bacterial increase after day three post infection, whereas the dotA-157 negative mutant does not amplify during the same time period. We observed that most of the selected 158 mini-Tn10 mutants were attenuated in their ability to multiply in D. discoideum cells. Eight mutants 159
showed more than a 100-fold, five at least a 10-fold and 23 at least a 2-fold reduced intracellular 160 replication rate (Table 2 ). The ability of the mini-Tn10 transposon mutants to inhibit plaque formation 161 often correlated with their ability to replicate intracellularly within D. discoideum cells (Table 2) . 162
We next determined whether intracellular replication was also possible in U937 macrophage-like cells. 163
Only mutants which showed effects in plaque formation and (or) in D. discoideum infection assays 164 and which revealed insertions in genes encoding for putative virulence factors were analyzed. Mutants 165 which had been analyzed in previous studies (e.g. flagella, LPS, PlaB) were excluded from further 166 investigations. Among the 10 analyzed mutants, only 2, Lpc2666 (D1) and Lpc0114 (B23), encoding acytosolic IMP_GMP specific 5'-nucleotidase, were attenuated in their ability to replicate 168 intracellularly within U937 macrophage-like cells. Five mutants revealed a slight reduction in 169 replication compared to the L. pneumophila Corby wild-type strain. The mutants Lpc1639 (C36, C37), 170 Lpc1641 (D23) and Lpc3210 (B26) multiplied inside macrophages, as well as the L. pneumophila 171
Corby wild-type strain (Table 2) . 172
173
O-methyltransferase, TPR-containing protein, PilY1 and polyketide synthase (PKS) contribute to 174
avoidance of lysosomal degradation 175
The aim of this work was to find novel factors involved in the modification of intracellular trafficking. 176
As most of the genes selected in this screening were described and characterized previously, we 177
focused on yet uncharacterized mutations within genes of putative novel virulence factors. For further 178 characterization, we chose the O-methyltransferase (Lpc0263), the PilY1 (Lpc2666), the hypothetical 179 protein containing a TPR motif (Lpc2669), and the putative PKS (Lpc1639). The lysosome fusion 180 phenotypes of the 4 mutants were analyzed by fluorescence microscopy. We labeled the respective L. 181 pneumophila strains (wild-type, dotA-negative, heat inactivated L. pneumophila Corby, Mini-Tn10 182 mutants) with rhodamine and measured their co-localization with mannose-6-sulphate (M-6-S), a 183 marker for the D. discoideum lysosomal compartment (Neuhaus et al., 1998) . Statistical analysis of the 184 confocal laser scanning microscopy images revealed that the co-localization ratios of all tested mutant 185 strains were comparable to what was observed for the dotA-negative mutant. The percentage of wild-186 type LCVs positive for M-6-S after 4 hours of intracellular infection were significantly lower 187 compared to LCVs of the dotA-negative L. pneumophila mutant. Heat-inactivated L. pneumophila 188
Corby served as negative control and showed significantly higher co-localization with the lysosomal 189 marker compared to the dotA-negative mutant (Fig. 2) . Moreover, the mini-Tn10 transposon mutants 190 revealed a significantly higher ratio compared to the L. pneumophila Corby wild-type strain. 191
Interestingly, a direct correlation between the co-localization ratio and the ability to replicate 192 intracellularly within macrophages or D. discoideum was not observed. 193
194

Analysis of the PKS synthase cluster 195
Although the cumulative size of PKSs and NRPSs (nonribosomal peptide synthesis) genes in L. 196 pneumophila is higher than that of other γ-proteobacteria, the existence of this region has not yet 197 received appropriate attention (Donadio et al., 2007) . This and the fact that our genetic screen led to 198 the identification of 2 independent PKS mutants prompted us to further analyze the gene products of 199 the potential PKS cluster. Two of them (C36, C37) have an insertion in Lpc1639 and one (D23) in 200 Lpc1641, encoding a sensory box sensor histidine kinase/response regulator, an element of a 201 previously uncharacterized two-component system of L. pneumophila (Fig. 3A-B which were localized close to each other, were found in the L. pneumophila Corby genome (Fig. 3C) . 
214
Role of the PKS cluster as fitness factor and distribution of the PKS cluster among diverse 215
Legionella species 216
As mentioned above, we were not able to detect an effect of the KS domain of Lpc1639 (C36, C37) on 217 intracellular replication in D. discoideum, A. castellanii, and U937 macrophage like cells (Tab. 2; Fig.  218 4A-C). Moreover, none of the analyzed PKS mutants revealed a reduced cytotoxicity on U937 219 macrophage-like cells after six days of co-incubation (Fig. 4D) . Additionally, both Lpc1639 mutants 220
were indistinguishable from wild-type L. pneumophila Corby with regard to growth in liquid culture 221 and pigment production (data not shown). 222
Since the PKS cluster of L. pneumophila could be a non-essential fitness factor, which may only be 223 relevant in competitive situations, we co-infected D. discoideum cells with the L. pneumophila Corby 224 wild-type and the Lpc1639 strains. This approach revealed that Lpc1639 mutant became outcompeted 225 24 h post infection (Fig. 4E) . Similar results in U937 cells corroborated the promoting effect of the 226 PKS cluster in competitive co-infections (Fig. 4F) . 227 KS domains are generally highly conserved and essential for the functionality of PKSs (Hertweck, 228 2009 This approach revealed that most of L. pneumophila strains possess the KS domain with different 232 levels of homology (Fig. S1 ). In contrast, among the non-pneumophila species, only LLAP10 showed 233 a low hybridization signal. 234
235
Discussion 236
To survive within phagocytic host cells, L. pneumophila has evolved a variety of strategies to avoid 237 fusion with lysosomes (Hubber and Roy, 2010; Fernandez-Moreira et al., 2006) . In this study we 238 developed and applied a screen which facilitated the isolation of bacterial transposon mutants 239 defective in the inhibition of lysosomal fusion. The selected 54 candidates were assigned to known 240 virulence genes of L. pneumophila, genes described to be virulence-related in other pathogens, or to 241 yet uncharacterized factors. These three classes of genes will be discussed in the following. 242
Among all mutants, 20 (37%) have been already described in previous studies (Table 1) as virulence 243 genes of L. pneumonia; their predicted virulence is consistent with our experimental data ( Table 2) . 244 Interestingly, the replication of this mutant was only slightly reduced in U937 cells (Table 2 ). Another 263 known regulator which was also identified in our study is Lpc1965 (E22). This factor has recently 264 been characterized as responsive sensor kinase LqsT, which regulates the transcription of 105 genes, 265 including 13 Dot/Icm T4BSS substrates, the macrophage infectivity potentiator (Mip), the L. Most of the genes identified in this study have been shown to be up-regulated within human 287 macrophages (Table S2 ) (Faucher et al., 2011) . This is also the case for orthologues of the Lpc2662-288 Our analysis revealed significantly higher co-localizations of PilY1 (Lpc2666) and Lpc2669 mutants 317 with lysosomes and a reduced replication rate in macrophages and protozoa. Remarkably, heat-318 inactivated, rhodamine-labeled L. pneumophila also showed a significantly higher co-localization with 319 lysosomes in comparison to the dotA-negative strain. These observations suggest that L. pneumophila 320 also uses T4BSS-independent mechanisms to avoid lysosomal degradation. 321
322
One of the most striking findings in our study is that a PKS is involved in avoidance of lysosomal 323 fusion. The PKS mutant (Lpc1639), similarly to the dotA mutant, was incapable of preventing the 324 fusion with lysosomes, though its survival and replication within macrophages and amoeba was not 325 
analysis. 367 368
Transposon mutagenesis 369
To obtain random L. pneumophila Corby mutants, mini-Tn10 mutagenesis was applied (Pope et al., 370 1994). In brief, the delivery vector pCDP05a, which contains a kanamycin resistance (Km) gene, an 371 altered target specificity transposase gene and a sacB gene for counter selection was electroporated 372 into the strain L. pneumophila Corby. The settings employed were 25 mF capacitance at 2.3 kV and 373 100 Ohm. Transformed cells were mixed with 1 ml BYE medium and incubated at 37 °C for 16 h 374 without agitation. Bacteria were then plated in 200 µl aliquots on BCYE agar with 25 µg/ml 375 kanamycin and 5 % sucrose. 5960 individual mutant colonies were each transferred to 200 µl BYE 376 medium, supplied with 20 µg/ml kanamycin and cultivated for 5 days. After cultivation, the 377 transposon mutants were stored in 20 % glycerin at -20°C. 378
379
Preparation of iron-dextran particles 380
Colloidal iron particles coated with dextran with an average diameter of 8 nm were prepared as 381 described (Rodriguez-Paris et al., 1993). In brief, 10 ml of 1.2 M FeCl 2 was mixed with 10 ml of 1.8 382 M FeCl 3 to which 10 ml of 25 % NH 3 was added while being vigorously agitated. The suspension was 383 divided into six aliquots and placed onto a magnetic unit until the precipitate had gathered on the 384 surface of the tube, than the supernatant was decanted. The precipitate was washed once with 5 % NH 3 385 and twice with deionized H 2 O. The sediment was suspended in 80 ml of 0.3 M HCl and stirred for 30 386 min. Then 4 g of Dextran (64-76 kDa, Sigma) was added and stirred for a further 30 min. The 387 resulting sample was dialyzed against cold deionized water for 2 days and filtered. The sterile solution 388
with an approximate iron concentration of 10 mg/ml was stored at 4 °C for up to 3 months. which the classical identification of transposon insertion was not successful (Shevchuk et al., 2012) . 439
Transposon insertions within all mutants were verified by comparison to the wild type strain via PCR 440 shift analysis using gene-specific primers (Table S1) . 441
442
In silico analysis of selected mutants 443
The genes selected in this study were analyzed using the Legionella Genome Browser. The database 444 provides information concerning the reported or predicted function of a gene product, which belongs 445 to a cluster of orthologous genes (COG) and enables to check for the presence of genes and the 446 corresponding proteins in non-pneumophila species (LLAP10, L. hackelie, L. micdadei), which are not 447 present in the NCBI database. The subcellular localization of the proteins was predicted by "ClubSub- were plated on BCYE agar with and without antibiotic to determine the number of CFU/ml. To 477 determine the number of wild-type bacteria, the CFU/ml on BCYE-kanamycin agar was subtracted 478 from the CFU/ml on BCYE plates without kanamycin. carbohydrate epitope present on D. discoideum lysosomal enzymes (Neuhaus et al., 1998) . Alexa 488-492 conjugated goat-anti mouse IgG (Invitrogen) was used as a secondary antibody (1:1000) for 1 h at 493 room temperature. Finally, DNA was stained with 1 µg/ml DAPI in PBS. Cover slips were mounted in 494
Dako Fluorescence mounting medium and examined by confocal laser-scanning microscopy using a 495 Leica DM6000 CS/ Leica TCS SP5 microscope. To quantify the fluorescence association of the 496 lysosomal marker with the LCV, the images were loaded into Image J and transformed into 8-bit 497 format (Image Color Split Channels). Then the red channel was activated and adjusted to the 498 threshold (Image Adjust Threshold). The measurements were set (Analyze Set 499 measurements) by selecting "Integrated density", "Limit to Threshold", "Area" and "Redirect to 500 green". A circle around the bacterium was drawn ("Wand tracing tool") and measured (Analyze 501 Measure). For estimation of lysosomal marker association integrated density values were divided by 502 areas and the mean was plotted. Three independent experiments were performed for every mutant 503 strain and for each experiment 100 bacteria were quantified. 504
505
Statistical analysis 506
Statistical significance was calculated with one-way ANOVA using InStat (GraphPad 
0(+++)
Plaque assay: 0-10% plaques (-); 10-25% plaques (+); 25-50% plaques (++); more than 50% plaques (+++).
838
Replication assay in D. discoideum AX2 and U937 macrophage-like cells: no attenuation (-), slightly attenuated (+); attenuated (++), defect 
